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ABSTRACT. 
The paper reports an investigation on the mechanical durability of textured thermoplastic surfaces 
together with their respective wetting properties. A range of laser-induced topographies with 
different aspect ratios from micro to nanoscale were fabricated on tool steel inserts using an 
ultrashort pulsed near infrared laser. Then, through micro-injection moulding the topographies 
were replicated onto polypropylene surfaces and their durability was studied systematically. In 
particular, the evolution of topographies on textured thermoplastic surfaces together with their 
wetting properties were investigated after undergoing a controlled mechanical abrasion, i.e. 
reciprocating dry and wet cleaning cycles. The obtained empirical data was used both to study the 
effects of cleaning cycles and also to identify cleaning procedures with a minimal impact on 
textured thermoplastic surfaces and their respective wetting properties. In addition, the use of 3D 
areal parameters that are standardised and could be obtained readily with any state-of-the-art 
surface characterisation system are discussed for monitoring the surfaces’ functional response. 
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1. Introduction 
 
The design and manufacture of thermoplastic surfaces with tailored wettability is of increasing 
interest. While good wettability is important for many fields, e.g. coating and adhesion[1], the 
opposite effect is sought in producing easy-to-clean surfaces[2,3]. Such surfaces exhibit low 
surface energy and repel liquids. The thermodynamic equilibrium of a liquid (L) wetting a solid 
surface (S) is given by the Young’s equation[4]: 
𝜎𝑆 = 𝜎𝑆𝐿 + 𝜎𝐿cos𝜃𝑌         (1) 
wherein σS is the overall surface energy of a solid surface, σL - the overall surface tension of a 
wetting liquid, σSL - the interfacial tension between a solid and a liquid, and θY - the liquid contact 
angle. When water is brought into contact with a solid that has a lower surface energy, the contact 
area of water with the solid is minimised. In particular, spherical drops with high contact and low 
roll-off angles can be observed. Such effects are witnessed in nature, e.g. on Lotus leaves or on 
legs of Microvelia, and can be partially attributed to specific surface topographies that are at micro 
and nano scales[5]. Numerous attempts to reproduce such bioinspired hydrophobic surface 
structures have been reported[6]. One growing means to manufacture surfaces with a tailored 
wettability is the use of ultra-short pulsed lasers[7,8]. This route to fabricate micropatterns, 
nanoripples or dual-scale structures has been investigated by many researchers. However, the 
evolution of their respective surface chemistry in ambient air or storage conditions is less studied 
while it is of prime importance in retaining the attractive surface functionality for as long as 
possible[9–11]. At the same time another indirect route for enhancing the  hydrophobic properties 
of chemically stable polymers is gaining importance, especially through the use of well-established 
replication processes to transfer laser-fabricated surface textures/structures on tooling inserts onto 
thermoplastic parts[12–14]. 
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Wenzel and Cassie-Baxter models describe equilibrium states and define the functional 
dependence between the equilibrium contact angle of a plane surface, 𝜃𝑌, and the contact angle of 
a structured one, 𝜃𝑊. Especially, Wenzel introduces in the model the roughness ratio (r𝑊  ≥ 1) that 
is the fraction of developed/processed areas of a solid over its nominal one[15]: 
cos 𝜃𝑊 = r𝑊 cos𝜃𝑌          (2) 
As it is well-known, Equation 2 confirms that for hydrophobic materials the surface roughness 
increases the hydrophobicity. In the superhydrophobic regime, when the water contact angle is 
higher than 150°, the Cassie-Baxter (CB) model[16] describes the entrapment of air pockets onto 
the surface structures/textures: 
cos 𝜃𝐶𝐵 = −1 + 𝜑𝐶𝐵(cos𝜃𝑌 + 1)        (3) 
where the filling ratio (φCB ≤ 1) distinguishes the fraction of solid that is in contact with the 
liquid. The Cassie-Baxter state is usually metastable and a potential imbibition can lead to Wenzel 
state, i.e. wetting of the surface structures[17]. 
To assess the functional response of easy-to-clean surfaces, their cleanability has to be 
investigated. During the products’ lifetime, any damage to surface topographies will inevitably 
impact their wetting behaviour, i.e. contact angle values, and thus will affect the desirable 
functional surface response. Therefore, any mechanical abrasion and surface wear play a very 
important role in assessing products’ durability as a whole. In addition, no standardized 
cleanability test exists to validate the product durability and usually water contact angle 
measurements are taken after harsh mechanical abrasion to judge about the surfaces’ functional 
degradation[18–21]. 
This paper reports an investigation on the mechanical durability of textured thermoplastic 
surfaces. Laser-induced topographies with different aspect ratios from micro to nanoscale were 
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fabricated on mould inserts employing an ultrashort pulsed laser. Then, polypropylene replicas 
were produced through micro-injection moulding. In this way, hierarchical surface topographies 
exhibiting the Cassie-Baxter state were “imprinted” on thermoplastic replicas. Their durability was 
assessed by performing cleaning cycles in reciprocating mode and thus to quantify the impact of 
mechanical abrasion on surface topology and its wetting property. Finally, the interdependencies 
between standardised 3D areal parameters and surface functionality, i.e. wettability, were analysed 
to identify correlations between them.   
 
2. Materials and methods 
 
2.1 Laser texturing of inserts 
 
A mould steel bar with grade 1.4021 (Uddeholm Stavax ESR) was machined to produce inserts 
with dimensions 10 mm x 7 mm. The insert surfaces were polished to 40 nm (Sa). The process 
chain is illustrated in Fig. 1a. Then, the inserts were textured by employing a laser source with 
pulse length of 310 fs and wavelength of 1032 nm (Amplitude Systemes Satsuma). A 3D scan 
head (RhoThor RTA) was used to steer a spot diameter of 30 μm in the focal plane (see Fig. 1b). 
In this way, different laser-based texturing techniques were employed to fabricate a broad range 
of micro/nano scale topographies on the steel inserts. In the case of microsphere-assisted “Photonic 
Jet” (PJ) texturing, a preliminary step was required, involving the deposition of a hexagonal 
closely-packed monolayer of 1 μm SiO2 microspheres onto a hydrophilic sacrificial substrate using 
the Langmuir-Blodgett technique and its transfer onto the insert using a highly transparent 
adhesive (Nitto CS9862UA). Irradiating of such surface preparation resulted in microsphere-
 6 
assisted direct laser ablation and the fabrication of array of submicron holes. Furthermore, Laser-
Induced Periodic Surface Structures (LIPSS) processing was used to produce a regular 1D 
submicron grating with a periodicity close to the laser wavelength, using a linear laser polarisation 
and high pulse overlap strategy to form homogeneous linear-like ripples on the insert surface. 
Finally, micro scale ablation was used to manufacture lotus-inspired morphologies with different 
aspect ratios and grid structures by varying the spatial distance between intersecting grooves. The 
process settings used to laser texture eight inserts (detailed in Table 1) were selected based on 
reported results[7,10,22–25] and some preliminary trials. After the laser texturing operation, the 
inserts were first sonicated in ethanol bath for 15 min and then rinsed with water and air dried. 
 
2.2 Micro-injection moulding 
 
Polypropylene (PP) is commonly used for injection moulding polymer parts for many 
application areas, e.g. in producing home appliances, automobile air ducting parts, wet-cell battery 
cases, pipes and pipefittings, etc. Therefore, a polypropylene-homopolymer (PP) compound (Ineos 
PP 100-GA12) in the form of a translucent non-polar thermoplastic was selected to investigate the 
durability of different surface topographies. 
The replication process was performed employing a state-of-the-art micro-injection moulding 
(micromoulding) machine (Wittmann Battenfeld MicroPower 15). A schematic of the 
micromoulding set-up is provided in Fig. 1c. Based on the material manufacturer’s datasheet and 
some initial trials, the heating profile was set to increase progressively along the four defined zones 
from the hopper to the nozzle with values of 200, 200, 215 and 230 °C, respectively. The 
temperatures of the moving and fixed halves of the mould were controlled using pairs of cartridge 
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heaters and J-type thermocouples. The textured inserts were integrated into a modular tool and 
polypropylene parts with outer circular cavity of 17 mm and 0.5 mm thickness were produced. 
The textured area was located in the middle of the outer cavity of the polymer parts with a diameter 
of 10 mm as illustrated in Fig. 1. Micromoulding was carried out using an injection pressure of 
400 bar and an injection speed of 200 mm/s. After the filling stage a holding pressure of 450 bar 
was applied for 5 s. The micromoulding cycle time was 25 s and its four stages are shown in Fig. 
1d. Micromoulding studies reported in the literature[26–28] and the initial trials showed that mould 
temperature and holding pressure were the most important factors affecting the replication quality 
of micro/nano features. Therefore, two different levels for mould temperature (60 and 80 °C) and 
holding pressure (450 and 700 bar) were used. Further moulding trials were performed and 
micromoulded parts were visually inspected to avoid burrs and demoulding defects. The 
topographies achieved on textured surfaces were investigated to maximise their aspect ratio and 
replication quality. The replication process was stable after 20 micromoulding cycles and then 
batches of 50 samples were produced using the eight textured inserts and one polished reference 
insert. The parts were produced without using any demoulding agent and thus to avoid potential 
contaminations of replicas and to ensure a good replication of textured surfaces. 
 
2.3 Abrasion test 
 
The mechanical durability of the textured polymer samples was assessed by adapting the ASTM 
D3450 standard that was originally developed for abrasion tests of coatings[29]. In particular, the 
micromoulded discs were positioned in a washability tester (Elcometer 1720) and a multipurpose 
cloth (Ubesol, composition: 60% Viscose, 25% Polyester, 15% Polypropylene) was used as 
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counterpart in the cleaning cycles. The cloth fibres had a diameter of approximately 13 μm. The 
cycles were performed in reciprocating mode with a total dry load of 0.05 kgf/cm2. The texture 
orientation in regard to the reciprocating movement was randomised. The 180-mm full stroke 
length was performed at 37 cycles/min. The cloth was renewed every 125 cycles. For the test in 
the wet conditions, 15 ml of detergent (Fairy original) dissolved at 3:100 into distilled water was 
poured into the tribological contact every 75 cycles. To remove any debris and detergent before 
analysing the surface topology evolution and functional response, the samples were rinsed 3 times 
with water and air dried. 
 
2.4 Surface topography 
 
The morphologies of textured thermoplastic samples were analysed using a focus variation 
microscope (Alicona G5) with 50x and 100x magnification objectives, in particular with lateral 
and vertical resolutions of up to 440 nm and 10 nm, respectively. The 3D areal parameters were 
acquired by the Alicona IF-MeasureSuite 4.1 software according to the ISO 25178-2:2012 
standard [30]. The statistical analysis of areal parameters for textured steel (n=3) and polymer 
replicas (n=9) was performed in Minitab 17.1.0. 3D topographical inspections were carried out 
employing a scanning electron microscope (Hitachi TEM3030Plus) with a back-scattered 
secondary electron detector and low vacuum. The 2D Fast Fourier Transforms (FFT) of the SEM 
images were performed with Gwyddion 2.51 to characterize the periodic patterns.  
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2.5 Wettability and surface energy 
 
Each of the surfaces’ wetting properties were characterised under ambient conditions using an 
optical tensiometer (Attension Biolin Scientific Theta T2000-Basic+). Static contact angles (θ) 
were measured using the sessile drop technique, after stabilisation of a 6 µl sessile drop on the 
surface and by applying the Young-Laplace fitting method. Dynamic contact angles were studied 
by dispensing 30 µl of liquid at 0.5 µl/s with the needle-in-drop method and thus to measure the 
evolution of quasi-static contact angles. Cycles of volume increase and decrease were performed 
until the values had stabilised for determining advancing (θadv) and receding (θrec) angles, 
respectively. The contact angle hysteresis (θH) was defined as the maximum value obtained with 
the two methods, i.e. either the difference between the advancing and receding contact angles or 
using the inclined plate method up to 45°. 
The surface energies were quantified using a simplified Fowkes’ two-component model 
developed by Owens and Wendt[31]. The overall surface energy (σ) of a liquid or a solid is 
considered as the sum of two intramolecular components; a dispersive (σD) and a polar (σP) 
contributions that are assumed to equal: 
𝜎 = 𝜎𝐷 + 𝜎𝑃          (4) 
Static contact angles were measured with two liquids, purified milli-Q water and diiodomethane, 
which surface tension components are detailed in Table 2. Diiodomethane (CH2I2) is used as non-
polar probe liquid (σP = 0) because of its relatively high overall surface tension, while having a 
molecular symmetry. The surface tension components of textured surfaces were approximated 
using a geometric mean approach[31]: 
𝜎𝑆𝐿 = 𝜎𝑆 + 𝜎𝐿 − 2√𝜎𝐿
𝐷𝜎𝑆
𝐷 − 2√𝜎𝐿
𝑃𝜎𝑆
𝑃       (5) 
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Assuming complete wetting (θ = 0°), the wetting envelopes of the solid surfaces were calculated 
with the following equation: 
R = (
√𝜎𝑆
𝐷 cos 𝜑+√𝜎𝑆
𝑃 sin 𝜑
cos 𝜑+sin 𝜑
)
2
         (6) 
where 0 ≤ R and 0° ≤ φ ≤ 90° are the polar coordinates. 
The work of adhesion (WSL) refers to the force required to separate the solid-liquid interface and 
can be described with the free energy of adhesion (ΔGSL) that is measured using the Young-Dupré 
equation[32]: 
𝑊𝑆𝐿 = −∆𝐺𝑆𝐿 = 𝜎𝐿(1 + cos𝜃)        (7) 
 
3. Results and discussion 
 
3.1 Replication of laser-textured surfaces 
 
Fig. 2 shows the SEM micrographs of surface textures on the eight inserts processed with the 
laser texturing methods/strategies described in Table 1. 
An array of submicron holes was fabricated on Insert 1 using a microsphere-assisted near field 
focusing technique. As described in Section 2.1, a prerequisite to this laser texturing method is the 
deposition of a closely-packed microspheres’ monolayer. The laser beam is focused beneath each 
microsphere by creating PJs. Upon the laser irradiation, the energy is sufficient to ablate material. 
Holes of  0.57 μm with standard deviation of 0.15 μm were generated. As a hexagonal closely-
packed monolayer of microspheres was used, the periodicity of the resulting array of holes was 
equal to their diameter, i.e. 1 μm. 
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A submicron grating was generated on Insert 2. The self-organised LIPSS structures were 
created with fluence per pulse of 0.09 J/cm2, close to the LIPSS generation threshold. The linear-
like LIPSS are oriented perpendicular to the laser polarisation. The periodicity of the ripples is 
approximately 0.93 μm. The width of the ripples’ ridges is approximately half of their periodicity. 
By using a circular polarisation, the ripples’ orientation was changed to 45° relatively to the 
scanning direction. By increasing the pulse fluence to 1.1 J/cm2, the submicron ripples were 
maintained while another type of LIPSS were generated at the microscale that was perpendicular 
to the previous ones. At this pulse fluence, the high pulse overlap led to ablation of material and 
grooves were formed with a width equal to the beam spot diameter of 30 μm. Even though material 
was ablated, multi-scale LIPSS topographies covered the grooves as shown in Fig. 2 (Inserts 3 and 
4). The depth of the grooves could be increased with the number of scans. 
By using these laser settings and by intersecting the laser scans, various surface topographies 
were fabricated on Inserts 3 to 8. In particular, multi-scale topographies were obtained on Insert 3 
by scanning 10 times the surface. At the same time intersecting laser scans led to the formation of 
microscale topographies consisting of peaks and valleys with aspect ratios 0.1, 0.3 and 0.9 for 
Inserts 3, 4 and 5, respectively. The processed areas were fully covered with LIPSS that had two 
distinguishable periodicities, one below the laser wavelength and the other above it. Sporadic holes 
were generated as a result of the increased number of scans. Especially, uncontrolled holes’ 
formation was observed when the accumulated fluence reached the ablation threshold of the 
material. This physical effect was used to fabricate more complex surface geometries on Inserts 6 
to 8, i.e. surface topographies with lower texturing density. The spatial distance between the 
intersecting scans was increased to exceed the laser spot diameter and thus to create more defined 
groove structures with larger untextured areas. 
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The textured surfaces of the steel inserts were replicated onto the polypropylene discs via 
micromoulding as shown in Fig. 3. Even though no release agent was used in the process, no trace 
of polymer was observed on the cavity insert after demoulding. Insert 5 had the highest aspect 
ratio and was inspected closely but no noticeable polymeric debris were observed after 100 
moulding cycles. Diffractive light scattering effects on the discs’ textured surfaces obtained with 
Inserts 1 and 2 were observed as well, indicating a good qualitative replication of submicron 
patterns. 
The previously discussed surface periodicities are depicted in Fig. 4a. It appears that an increase 
of scanning repetitions led to a periodicity increase or decrease of the smaller and larger LIPSS, 
respectively. The FFT of the microscale topographies gave periodicities slightly larger than the 
laser pitch distance due to the cross-like texturing strategy. 
Two representative areal parameters were used to assess the quality of replicated surface 
topographies. In particular, the arithmetical mean height (Sa) and the maximal height (Sz) were 
found to be consistent on as-fabricated and replicated topographies as shown in Fig. 4b-c. In case 
of multi scale topographies, Sz values remained lower on replicas. Polypropylene exhibits a 
shrinkage up to 2 %[33] that could affect the aspect ratio of replicated topographies but at the same 
time is beneficial during demoulding. Nevertheless, Sa values of replicated microstructures were 
within 90 to 105 % of those obtained on Inserts 3 to 8. The focus variation microscope did not 
acquire sufficient data points from the surfaces of the PP0, PP1 and PP2 samples, due to their nano 
scale texturing and the transparency of the material. In the case of the untextured replica, no values 
were obtained. For PP1 and PP2, Sa and Sz values were larger than those on their respective inserts. 
This is potentially due to deformation during ejection caused by mould adhesion during the 
replication process. Sa remained below 0.15 μm while Sz reached 1.8 μm for submicron textures 
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on the PP1 and PP2 samples. The peak to peak values of the PP5 samples were slightly higher than 
those on Insert 5, whereas Sz of the PP4 samples reached only 75% of those obtained on Insert 4. 
Such variations may be explained with the low number of data points obtained at the bottom of 
valley’s interstices and the sporadic holes.  
 
3.2 Wettability of laser-textured replicated surfaces 
 
The wettability of different topographies micromoulded on PP1 to PP8 samples was assessed. 
The average results from 3 measurements are provided in Table 3. The physicochemistry of the 
polymer is considered not altered by the micromoulding process. The polymer parts are therefore 
assumed to remain inert and possess a stable surface chemistry over time. Indeed, no significant 
variations of water contact angles were observed after storing them for several weeks or after 
cleaning the surfaces. The homogeneous flat surfaces of the PP0 samples were taken as a reference, 
i.e. with a water contact angle larger than 90° and a hysteresis larger than 10°. PP0 is slightly 
hydrophobic and water is “pinned” onto the surface. As predicted by the Wenzel equation, any 
increase in surface roughness led to a higher water contact angle (see Fig. 5a). Moreover, surface 
roughness had the tendency to increase the contact angle hysteresis, preventing the water drop 
from rolling off the surface. At the same time, submicron topographies, i.e. on the PP1 and PP2 
samples, or low aspect ratio micro textures, i.e. on the PP3 and PP4 samples, did not significantly 
change the hysteresis but a further increase of Sa and Sz led to more than doubling of the θH value, 
i.e. on the PP6 and PP7 samples. 
Using Equation 4 and 5, the surface energies and polar components of micromoulded samples 
were calculated (see Table 3 and Fig. 5b). The surface energy remained similar between the PP0 
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and PP1 samples while it increased for LIPSS and Lotus textures (PP2 to PP5) and reduced for 
grid textures with the larger spacing (PP6 to PP8). The homopolymer chains (C3H6)n present in 
polypropylene are non-polar molecules. Accordingly, the polar component of surface energy 
remained close to 0 for the non-textured and most of low aspect ratio textured replicas. The polar 
component was the highest for the PP5 samples and reached similar levels as corona-discharge-
treated polypropylene[34], though remained stable over time. The replication of surface 
topography by micromoulding resulted in an increased surface roughness, too, and also appeared 
to create a polar state that might inhibit the necessary plasma activation if bonding is required. 
Therefore, the effects of the polar state on potential follow up plasma activation operations should 
be investigated further. 
Equation 6 was used to plot the wetting envelopes of micromoulded surfaces as shown in Fig. 
5c. The plotted lines indicate the scale of adhesive forces at the liquid/solid interface that are 
necessary to overcome the cohesive forces within the liquid and would result in complete wetting 
of the surface (θ=0°). The resulting graph shows the expected wettability of any liquids on the 
investigated textured polypropylene surfaces. No polar components were calculated with 
Equations 4 and 5 for the reference as shown in Fig. 5b, but a polar component close to 7 mJ/m2 
was observed for the PP5 samples. Nanotextures on the PP1 samples did not affect the surface 
energy or the wetting envelope significantly. The LIPSS morphologies on the PP2 samples 
enlarged the area enclosed by the wetting envelope. In regard to the surface energy components, 
the dual scale topographies on the PP3 samples had the same effect as those on the PP2 ones. The 
PP4 envelope is enlarged slightly towards the dispersive component while the PP5 one has the 
largest overall enclosed area due to the bigger polar component. On the contrary, the areas enclosed 
by the PP6, 7 and 8 envelopes are significantly smaller despite their higher polar components 
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compared with the reference. At the same time, their surfaces have the lower surface energy per 
unit area and the reasons for this should be investigated further. The graphs show that a good 
wetting can be expected if low polar and low surface tension liquids, such as oils and adhesives, 
are used. 
The free surface energy was calculated using Equation 7. From the formula, it can be expected 
that a lower contact angle entails a higher work of adhesion WSL and thus more energy would be 
required to separate the solid-liquid interface. Indeed, the absolute value of ΔGSL was the highest 
for the PP0 samples and then dropped strongly with the increase of roughness and aspect ratios. In 
the superhydrophobic regime, the water contact angle needs to be larger than 150° and the rolling 
angle should be lower than 10°. In such case, the surface exhibits low contact angle hysteresis and 
little energy would be required to separate a liquid drop from the textured surface. However, the 
topologies with the high aspect ratio had a detrimental effect on θH and the values for all textured 
surfaces were higher than the reference of 13.3°, hence preventing water drops to roll out of the 
micromoulded surfaces. Only the textured surfaces on the PP5 samples were superhydrophobic 
with θ=159.9° and a rolling angle estimated to be below 5°. The rolling was assessed by dropping 
a sufficient volume of water on a slightly tilted surface so that the gravity releases the water drop 
from the needle. PP5’s rolling angle could not be measured accurately, as the water drop could 
only be deposited by applying a gentle pressure that resulted in wetting the surface and “pinning” 
the water drop onto the high aspect ratio surface topography as shown in Fig. 6a.  
Starting with a contact angle of 105.7° on the reference PP0 samples, the theoretical value of 
3.20 for rW is required to achieve a superhydrophobic regime, i.e. θ=150°. However, the maximum 
rW value measured in this research was 2.80, confirming that the Wenzel regime didn’t apply on 
all topographies. Also, based on the experiments carried out in this research it could be stated that 
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it is more probable to reach a Cassie-Baxter state when rW is higher, as expected. The Cassie-
Baxter (φCB) and Wenzel (rW) factors were calculated by using the apparent contact angle and the 
one after inducing micro vibration on the samples. In this way, it was possible to avoid metastable 
regimes and reach the most stable Wenzel state. The values are provided in Table 3. The Cassie-
Baxter state is very pronounced on the textured surfaces of the PP5 samples (φCB << 1), however 
it is metastable as depicted in Fig. 6b. Micro vibrations could reduce the contact angles from 
superhydrophobic to lower hydrophobic states. All other investigated surface topographies were 
either in full Wenzel or mixed Cassie-Baxter/Wenzel states (see Fig. 6c). 
 
3.3 Effects of cleaning cycles on surface functionality 
 
The robustness of textured polymeric surfaces was assessed by performing reciprocating 
abrasion cycles in both wet and dry environments. These specifically designed cleaning cycles 
were aimed to mimic real-life cleaning routines on surfaces (see section 2.3). The number of cycles 
was varied to study the progressive damage imposed to the micromoulded surfaces. The asperities 
of the investigated topographies were the first entities to be in tribological contact with the cleaning 
cloths and this can explain why they were progressively abraded and worn, as shown in Fig. 7 for 
the PP5 to PP7 samples. Wet cycles did not abrade the surfaces significantly when compared to 
the dry cycles. Especially, only the asperities of investigated PP microscale topographies were 
abraded after 1000 cycles in wet conditions. In dry conditions, the lotus-inspired topographies 
exhibited the highest sensitivity to wear and the surfaces were abraded, forming new structures 
with square-periodic micropatterns without dual-scale topographies.  
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The evolution of surface topography was measured after 1000 wet and dry cleaning cycles of 
the textured polymer. Due to the broad variations of surface topographies and roughness scales, 
the absolute values are displayed in Table 2 and the relative evolution in percentage of Sa, Sz and 
F, normalized with the measurements before cleaning, are presented in Fig. 8. There were relative 
increases of Sa and Sz values for the PP0 to PP2 samples, however in the PP2 case an increase 
was obtained only after the dry cleaning cycles. All micro-scale topographies, i.e. on PP3 to PP8 
samples, exhibited a decrease of Sa and Sz by 25% and 40% in dry conditions, respectively, as 
shown in Fig. 8a-b. The spread of the Sa values based on 9 measurements was within +5 % and -
10 %, after the wet cycles while much bigger deviations were observed for Sz after the dry cycles. 
Moreover, the ratio between measured and projected topographies, another standardised 
parameter, that again can be obtained directly with the measurement systems, is displayed in Fig. 
8c. As the F ratio has the same definition as the Wenzel roughness (see Section 1), it is used to 
give further indication about the wetting properties of the polymer replicas. The overall evolution 
of F after the abrasive cleaning cycles was similar to that obtained for Sa and Sz on the samples 
with microscale topographies, i.e. PP3 to PP8. The maximum F value of 1.73 was measured on 
the initial PP5 surface but was not retained after the abrasive cycles. In particular, F decreased 
significantly after 1000 dry cycles to values below 1.10 for the PP6 to PP8 samples. At the same 
time, it should be noted that the resolution of the measurement devices did not allow a higher F to 
be obtained on submicron topographies, i.e. on the PP1 and PP2 samples. The low aspect ratio 
topographies on the PP3 and PP4 samples had also F values below 1.10 that decreased slightly 
after the abrasion cycles. 
As the topographical changes affected the surface functionality, the evolution of wettability was 
assessed after the abrasive cycles on micromoulded surfaces. The wetting properties were affected 
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even after a low number of cycles, a minimum of 250 cycles being considered in this study. 
Overall, the wettability was retained within +/- 10 % of the reference values after 500 and 1000 
cycles on all samples except PP1 and PP5. The water contact angle measurements after 1000 wet 
and dry cycles are provided in Fig. 9a. The progressive decrease of θ was similar for the PP6 to 
PP8 samples, signifying that a large spatial distance between intersecting grooves is non-
significant for the mechanical robustness. For the reference PP0 sample and those with submicron 
roughness, such as the PP1 sample, a significant drop of θ was observed, especially below the 
reference value and in some cases, even below 90°. This could be explained with the increase of 
surface roughness, agglomeration of debris or re-entrant topographies with capillarity properties. 
The repeated reciprocating cycles in dry conditions could create wear tracks leading to a higher θ, 
as it was the case with the PP0 to PP4 samples and this is highlighted in Fig. 9b. Regarding the 
PP5 samples, the Cassie-Baxter state seems to be lost after first contact with the surface. However, 
if it is compared with the Wenzel regime (θPP5* = 139.2°), the wetting properties could be retained 
within +/- 2 % and +/- 10 % after 1000 wet cycles and dry cycles, respectively. Dynamic contact 
angle measurements were performed on the cleaned PP5 surfaces, too, as shown in Fig. 9c. The 
advancing and receding angles remained similar after 1000 wet cycles on the PP5 samples, 
however the same advancing angle was reached when the drop volume increased from 2 to 10 µl. 
The maximum advancing contact angle for the PP5 samples after 1000 wet cycles was found close 
to the values obtained on as-micromoulded surfaces (>150°). The asperities of the lotus-liked 
valleys were certainly abraded and lost their as-micromoulded roughness. Nevertheless, the PP5 
surfaces managed to retain to some extent part of their wetting properties. Topographies similar to 
those on the PP5 samples could be considered as a starting point for a further research into robust 
functional surfaces, potentially by increasing the aspect ratio of considered topographies in this 
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research. Especially, such follow up research should provide an answer whether it would be 
possible to demould parts from inserts incorporating higher aspect ratio topographies.  
 
3.4 3D areal parameters vs. wettability 
 
The 3D areal parameters measured on as-micromoulded surfaces are provided in Table 4. These 
parameters were analysed with the aim to identify interdependences between topographies and 
their resulting functional responses, i.e. wettability. In this section, the complete dataset acquired 
in this research (n = 62) is used. It should be noted that standardised 3D areal parameters were 
used to characterize the surface topographies and such data could be acquired with any state of the 
art surface characterisation systems, e.g. as Alicona G5 in this research. For wettability, a 
normalised value, i.e. cos(θ)/cos(θY), equivalent to the Wenzel roughness coefficient (rWeq) is used. 
First, the evolution of rWeq was compared to the F values in Fig. 10a. While a general trend could 
be identified, the comparison did not suggest any clear linear regression and a significant deviation 
from the theoretical contact angles, calculated using Equation 2, was noticed. 
The F ratio seems to be strongly linked to Sa and Sz (see Fig. 10b). However, to have a better 
understanding of interdependences between wettability and surface topography, a correlation 
analysis was carried out between the obtained contact angles (normalised as rWeq) and 3D areal 
parameters Sa, Sq, Sz, Sk, Sdr and F (see Fig. 10c). The highest Pearson correlation coefficient 
was obtained for the peak-to-peak height Sz (r = 0.85) followed closely by Sa and then Sq. The 
skewness Ssk could be considered non-correlated to wettability or the other 3D areal parameters 
(r between 0.02 and 0.2). The F factor evolved similarly to Sa and Sz, but its highest linear 
correlation was with the developed interfacial ratio, Sdr (r = 0.97), in particular F and Sdr increased 
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for topographies with high density or aspect ratio. In addition, the effects of two positive factors, 
F and rWeq, in regard to the true to nominal surface ratios were compared. There were differences 
in F and rWeq effects but both showed a similar trend, i.e. wettability increased with F. Sa, Sq and 
Sz were strongly linearly correlated between each other (r > 0.97). The strongest correlation of Sk 
was with Sa (r = 0.97). A predicative analysis was performed to study the relationship between 
wettability and investigated topographies (see Fig. 10d). The 3D areal parameters with high 
correlation to surface wettability were identified as Sa, Sq, Sz, Sk, Sdr and F. At the same time, 
Sku and Ssk were discarded as their relation to the surface functional response was below 20 %. 
Therefore, taking into account the correlations between considered areal parameters it could be 
sufficient to use Sa or Sz together with F to assess the wetting properties of surface topographies 
investigated in this research. Further research could be carried out in order to quantify the 
contribution of such 3D areal factors on the Cassie-Baxter state, especially regarding 
superhydrophobicity. 
 
4. Conclusion 
 
The durability of textured polymeric surfaces was investigated. A process chain combining 
ultrashort pulsed laser texturing of tool steel inserts with micromoulding of polypropylene parts 
was deployed. In that way, multi-scale laser-based topographies were fabricated on polypropylene 
surfaces. The textured samples exhibited different wetting states from hydrophobic to 
superhydrophobic that were quantified in terms of surface energy and surface free energy. Also, 
the wetting states were quantified by estimating their Wenzel and Cassie-Baxter factors. 
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Cleanability tests were performed with multipurpose cloths in reciprocating cycles. The 
mechanical abrasion of the textured surfaces led to a decrease of water contact angle. The 
topographies with a sole submicron roughness were not found sufficiently robust to withstand the 
cleaning cycles. On the contrary, the dual scale textures exhibited a minimal wear and thus to some 
extend were able to retain the surface topographies together their respective wetting properties. 
The wet cleaning cycles were found to be much less harsh to the surface textures and surface 
functionalities. Thus, it would be possible to define wet cleaning procedures that textured polymer 
surfaces could withstand with minimal deterioration of their wetting properties. In this way, the 
subtle metastable Cassie-Baxter state could be maintained and hence the desired superhydrophobic 
properties.  
The empirical data gathered in the experiments suggest that the 3D areal parameters with a high 
correlation to surface wettability are Sa, Sq, Sz, Sk, Sdr and F. At the same time, it was found that 
Sku and Ssk had very low correlation, i.e. below 20%, to the surface wetting properties. Therefore, 
taking into account the identified correlations between 3D areal parameters, a small number of 3D 
areal parameters, e.g. Sa or Sz together with F in this research, could be considered to judge about 
the wetting properties of surface topographies on polypropylene parts. Such standardised areal 
parameters can be obtained readily using any state-of-the-art surface characterisation system and 
could be used to define inspection routines and also to estimate indirectly the current state of 
surfaces’ functional response.  
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TABLES 
 
Table 1: The process settings used to laser texture steel inserts. 
Nr. Description Power 
(W) 
Rep. Rate 
(kHz) 
Speed 
(mm/s) 
Pitch 
(μm) 
Focal 
offset 
(mm) 
Layer 
(-) 
Strategy 
0 Untextured - - - - - - - 
1 Array of holes 0.245 100 1000 10 -1 1 Horizontal 
2 LIPSS 0.330 500 2000 2 0 1 Horizontal 
3 Lotus1 1.975 250 500 25 0 10 Grid 
4 Lotus2 1.975 250 500 25 0 20 Grid 
5 Lotus3 1.975 250 500 25 0 50 Grid 
6 Grid1 3.945 500 500 40 0 20 Grid 
7 Grid2 3.945 500 500 60 0 20 Grid 
8 Grid3 3.945 500 500 80 0 20 Grid 
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Table 2: Surface energy components of water and diiodomethane. 
 Surface energy Dispersive component Polar component 
 σL (mJ/m2) σDL (mJ/m2) σPL (mJ/m2) 
Water 72.8 21.8 51.0 
Diiodomethane 50.8 50.8 0.0 
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Table 3: Wettability analysis of polypropylene replicas, the average results from 3 measurements. 
Nr. θ θH σS σPS ΔGSL rW φCB 
 (°) (°) (mJ/m2) (mJ/m2) (mJ/m2) (-) (-) 
PP0 105.7 13.3 27.4 0.1 -53.1 1.00* 1.00 
PP1 109.1 13.8 27.8 0.0 -48.9 1.21* 0.92 
PP2 115.0 13.7 31.4 0.5 -42.1 1.56* 0.79 
PP3 115.9 14.3 31.6 0.6 -41.0 1.62* 0.77 
PP4 124.3 15.9 34.5 2.2 -31.8 2.08* 0.60 
PP5 159.9 27.0* 36.2 9.4 -4.4 2.80* 0.08 
PP6 142.5 33.9 17.6 2.3 -15.0 2.69* 0.28 
PP7 142.3 34.2 15.6 1.8 -15.2 2.59* 0.29 
PP8 133.0 23.3 16.6 0.9 -23.2 1.97* 0.44 
Notes: θ - water contact angle; θH - contact angle hysteresis; σS - surface energy; σPS – the polar 
component; ΔGSL - surface free energy; rW - calculated Wenzel roughness; φCB - calculated Cassie-
Baxter factor (*Wenzel state). 
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Table 4: The 3D areal surface parameters and the respective Wenzel factor of the textured 
polypropylene samples. 
Nr. Sa Sq Sz Sk Sku Ssk Sdr F rweq 
 (μm) (μm) (μm) (μm) (-) (-) (%) (-) (-) 
PP0 n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 1.00 
PP1 0.06 0.09 1.36 0.19 5.20 0.02 0.30 1.004 1.21 
PP2 0.10 0.14 1.75 0.26 7.17 -1.15 0.51 1.005 1.56 
PP3 0.63 0.78 4.71 2.12 2.52 -0.08 2.38 1.025 1.61 
PP4 1.15 1.40 8.61 3.85 2.46 -0.19 7.12 1.071 2.08 
PP5 3.57 4.95 31.81 8.57 3.68 -0.08 157.20 1.728 3.47 
PP6 3.40 4.30 25.65 9.50 3.13 0.18 58.36 1.390 2.93 
PP7 2.84 3.40 25.56 7.84 4.08 0.81 39.44 1.261 2.92 
PP8 2.37 2.91 22.31 5.99 4.25 0.95 23.88 1.192 2.52 
 
Notes: Sa - average height; Sq - root mean square height; Sz - maximum height; Sk - core 
roughness depth; Sku – kurtosis; Ssk – skewness; Sdr - developed interfacial area ratio; F - true to 
nominal area ratio; rweq - equivalent Wenzel factor. 
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FIGURES 
 
Figure 1. The process chain used to produce polypropylene samples; a) the process steps included 
in the chain; b) the laser processing employed to texture the inserts where d and h refer to the 
pulse-to-pulse and hatch distance, respectively; c) replication of textured surfaces via injection 
moulding; d) the stages in the 25s injection moulding cycle. 
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Figure 2. SEM images of laser-textured steel inserts where the white arrows point at sporadic 
holes. Topographical details are highlighted in close-up views. First row, from left to right: a 
polished surface, array of holes after 2.5-μJ laser irradiation, 1D grating generated with 90 0.7 μJ 
pulses. Middle row: laser processing with 7.9 μJ/pulse, 2 μm pulse-to-pulse distance, 25 μm pitch 
distance and 10, 20 and 50 pulses, respectively, from left to right. Bottom row: 20 scans at 7.9 
μJ/pulse, 1 μm pulse-to-pulse distance and pitch distances of 40, 60 and 80 μm, respectively, from 
left to right. 
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Figure 3. SEM images of micromoulded polypropylene surfaces. Topographical details are 
displayed in close-up views. PP1 to PP8 refer to the replica of laser-textured Inserts 1 to 8, 
micromoulded with 200 mm/s injection speed and 400 bars injection pressure. The mould 
temperature and holding pressure were 60°C and 450 bars for dual-scale topographies while 80°C 
and 700 bars for submicron topographies, respectively. Note: large views of PP3 to PP8 were 
viewed at 45°. 
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Figure 4. Comparison of topographies on inserts and replicas: a) multiple periodicities of laser-
textured topographies on the steel inserts; b) Sa of replicas and their respective inserts; c) Sz of 
replicas and their respective inserts.  
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Figure 5. The wetting properties of textured surfaces on micromoulded polypropylene samples: 
a) the evolution of contact angle relative to Sa and Sz; b) surface energy and c) wetting envelopes. 
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Figure 6. Wettability analysis: a) deposition of a 6 μL water drop on the untextured polymer 
compared to the PP5 one in Cassie-Baxter or Wenzel states, due to the exercised mechanical 
pressure; b) Wetting state transition for the PP5 sample; c) a comparison of apparent contact angle 
with the induced Wenzel state (*) for the investigated topographies on the micromoulded samples. 
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Figure 7. SEM images of textured surfaces on the PP5, PP6 and PP7 samples viewed at 45° after 
cleaning cycles in wet and dry conditions.  
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Figure 8. The evolution of surface topographies on micromoulded polypropylene samples after 
1000 cleaning cycles for: a) Sa; b) Sz; and c) F.  
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Figure 9. The wettability evolution on micromoulded polypropylene surfaces after the abrasive 
cycles: a) water contact angles after 1000 cycles in wet and dry conditions; b) the evolution of 
contact angles on the PP0, PP4 and PP5 samples after 250, 500, 750 and 1000 cleaning cycles; and 
c) the advancing and receding contact angles of PP5 surfaces before and after 1000 wet and dry 
abrasion cycles. 
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Figure 10. The interdependencies between 3D areal parameters and wettability: a) the 
interdependence between F and wettability; b) the relation between Sa, Sz and F; c) the matrix of 
Pearson correlation coefficients; d) the scatter plot screeners for the 3D areal parameters of every 
investigated polypropylene topography in regard to normalised wettability.  
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